We describe the complexation of isolated and native lipoproteins by natural macrocyclic polymers of glucose ("cyclodextrins"). Treatment of serum with cyclodextrin produces an immediate flocculation of the lipoproteins. The formation of cyclodextrin-lipoprotein complexes was evident on agarose electrophoresis gels. The concentration-dependent ability of alpha-cyclodextrin to precipitate chylomicrons and very-low-, low-, and high-density lipoproteins was used for clarifying lipemic serum. Results for normal and lipemic patients' specimens for some routinely measured analytes showed a good correlation between cyclodextnn treatment and ultracentrifugation. Unlike the use of organic solvents or ultracentrifugation, the proposed system provides a simple, mild, non-hazardous, and effective means for removing interfering lipid particles from biological specimens.
non-hazardous, and effective means for removing interfering lipid particles from biological specimens.
Lipids are present in varying amounts in most biological fluids. In many instances, these biomolecules are undesirable constituents and need to be removed. The presence of excessive amounts of lipids in blood, serum, or plasma causes some analytical problems when such specimens are assayed in the clinical laboratory (1) (2) (3) . Lipemic samples are often obtained from patients with primary or secondary hyperlipoproteinemias and from patients being treated with intravenous fat emulsion. Test results on such lactescent samples are often compromised, mainly owing to volume displacement and light-scattering errors caused by the presence of the fat particles (2) .
One way of removing the non-polar lipids is to use organic solvents (1) . Although such reagents can effectively delipidate biological fluids, their use in the analysis of lipemic specimens is cumbersome and hazardous, and reportedly can cause erroneous chemical results (4) .
An alternative delipidation method popular in clinical laboratories has been ultracentrifugation. The availability of a bench-top, air-driven ultracentrifuge has made this an attractive technique for clarifying lipemic serum (5) . Ultracentrifugation is, however, a cumbersome and time-consuming procedure that requires a relatively large sample volume and maintenance of the instrument, and it is inappropriate for treating lipemic whole-blood specimens (6) .
The incorporation of detergents into clinical reagents helps decrease the little turbidity that is present in most serum samples. A more effective system involving the use of lipolytic enzymes has been reported recently for the analysis of various analytes in lacteseent serum and blood (6). These on-line clarification methods are effective in eliminating light-scattering errors caused by mild turbidity but are not suitable for grossly milky serum and, in addition, do not correct for a potential volume-displacement error (6).
Precipitation of serum lipids by polymeric reagents is well-known in the isolation and analysis of various lipoprothin fractions (7) . Very little work has been attempted in using similar methods to clarify lipemic clinical specimens (8, 9) . Its potential in the analysis of lipemic animal serum has recently been demonstrated (9) . In this report, we show the interaction of cyclodextrins (CDs) with serum lipoproteins and demonstrate the use of a-cyclodextrin for the clarification and subsequent analysis of hyperlipidemic human serum.
Materials and Methods

Materials
Alpha-cyclodextrin (a-CD; Schardinger alpha-dextrin; cyclohexaamylose) and low-density (5 mg of protein per milliliter), very-low-density (1 mg of protein per milliliter), and high-density lipoproteins (10 mg of protein per milliliter) were from Sigma Chemical Co., St. Louis, MO.
All reagents and supplies for serum lipoprotein electrophoresis were from Ciba Corning Diagnostics Corp., Medfield, MA. Reagents and supplies for analysis in the "Spectrum" and "VP" analyzers were from Abbott Laboratories, North Chicago, IL. 
Results and Discussion
Complexation of lipoproteins by various polyanions (such as heparin, dextran sulfate, and sodium phosphotungstate),
polyphosphates, detergents, and neutral polymers (such as polyvinylpyrrolidone and polyethylene glycol) forms the basis for their differential isolation and measurement. Most of the effective lipoprotein-precipitating agents reported are linear polymers of high relative molecular mass, e.g., about 5000 for heparmnand polyethylene glycol, 40000 for polyvinylpyrrolidone, and 15 000 to 2 million for dexfran sulfate (7) .
Cyclodextrins are naturally occurring, non-ionic, nontoxic, water-soluble polymers composed of six (a-CD), seven (/3-CD), or eight (y-CD) alpha-1,4-linked glucose units. These compounds have hydrophobic cavities (0.5-1 mm in diameter), and are well known to form inclusion compounds with small organic or inorganic substances in the solid state or in aqueous solutions (10) . In contrast to the linear polymers, cyclodextrins are macrocyclic in structure and have low relative molecular masses: 973, 1135, and 1297 for the a, /3, and y forms, respectively.
Aqueous cyclodextrin solutions were effective precipitating agents for serum lipoproteins. Opacity was visible immediately when CD was reacted with human serum. The dense CD-lipoprotein precipitate is easily removed by low-speed centrifugation, thus providing a clear supernate. Dialysis of the saline-washed precipitate followed by lipoprotein electrophoresis revealed that the precipitate was composed of a mixture of CD complexes with low-, very- low-, and high-density lipoproteins. This was further confirmed by studies with isolated lipoproteins (Table 1) . Either a-or y-CD can precipitate the various lipoproteins. However, on a weight basis the alpha form seems to be a better lipoprotein precipitant than the gamma form (Table  1) , which also is more expensive. Because of poor solubility in water, (3-CD was not studied.
An agarose gel electrophoretogram of supernates obmined from a-CD-treated human serum is shown in Figure  1 . Formation of lipoprotein-cyclodextrin complexes results in anodically displaced bands for all the lipoprotein classes ( lanes 1-3, Figure 1 ). This may be due to a change in net charge or to compactness of the lipoprotein complexes as compared with native lipoproteins. Increasing concentrations of the polymer removed appreciable amounts of the larger very-low-density lipoprotein and low-density lipoprotein particles (lanes 2 and 3, Figure 1 ). Similar results have been reported with other lipoprotein precipitating agents (7) .
Delipidatiom of lipemic human serum by a-cyclodextrin was compared with ultracentrifugation, a procedure recommended for clarifying lipemic serum before assay (5) . Aliquots of mildly and grossly lipemic serum pools were subjected to a-cyclodextrin extraction and to ultracentrifugation in the Airfuge ( Table 2) . Supernates obtained after ultracentrifugation or precipitation with CD appeared relatively clear as compared with the original samples. Under these experimental conditions, a-CD treatment of the mildly lipemic serum removed more lipids (triglycerides and cholesterol) than did ultracentrifugation (Table 2 ). However, in the case of the grossly lipemic pool, the two pre-treatment procedures removed equivalent amounts of lipids ( Table 2) . As expected, increasing the a-CD concentration removed increasing amounts of triglycerides and cholesterol from the serum (sample/reagent = 1/1, Table 2 ). For CD to be useful for clarifying lipemic serum, it was necessary to show that the cyclodextrin does not co-precipitate biomolecules other than the lipoproteins and does not interfere with the analytical methods. We demonstrated this by assaying 20 normal (clear) serum samples for a few routine analytes, with and without CD-pretreatment ( Table 3 ). All the analytes tested were measured spectrophotometrically in the Spectrum. Regression analyses of these data are shown in Table 3 . Results for CD-treated and control specimens correlated well for the analytes tested. Although paired t-test analysis shows statistically significant differences (P <0.05) for some analytes, calculation of percentage bias at clinically critical concentrations indicates that such differences may not be medically significant (11) . In addition, results from the treated specimens agree with the results from the untreated samples within the precision of the analytical assays-a lack of interference that can be attributed to the inertness of CDs in most clinical chemical reactions (6) . In addition, the dilution of serum samples by the added CD appreciablyaffectsneither the measurements of low-concentration analytes such as bilirubin (Table 3 ) nor the precision of the assays tested (e. g., within-run CVs were 0.9%, 0.8%, 2.6%, and 1.3% for glucose, urea nitrogen, calcium, and lactate dehydrogenase, respectively; n = 12 in each case). Table 4 shows a comparison of precipitation with CD and ultracentrifugation for 15 lipemic patients' samples (triglyceride concentrations ranging from 8 to 54 g/L). Statistical analysis (paired t-test) showed no significant differences between the two pretreatment techniques. Regression analysis of the data indicates a good correlation between results after precipitation with CD and ultracentrifugation (Table 4 ).
The use of cyclodextrins
for delipidation of biological fluids such as lipemic serum offers many advantages over existing methods. Unlike organic solvents, cyclodextrin solutions are nonhazardous. The chemically inert, biocompatible, low-molecular-mass glucose polymers do not cause any significant distortion of other biomolecules present in the delipidated sample. Unlike with ultracentrifugation, even small amounts of lipemic sample can be clarified by precipitation with CD. This is especially important for specimens from pediatric patients. In addition, precipitation methods are simpler, requiring no expensive instrumentation or skills. Precipitation of serum lipids with CD has the potential to be used for a wide variety of analytical instrumentation and methodologies. However, it is important that each user first verify the absence of any possible interferences by CD in his/her analytical system. This work was supportedin-part by FRCE Grant no. 42265 from Central Michigan University.
